Abstract. Particle-Induced X-ray Emission (PIXE) analysis was employed to characterize hydroxypropyl methylcellulose (HPMC) 32 60 19 C H O polymer film via areal density measurement on silicon-based substrates utilizing the differential PIXE concept, and compared with Rutherford backscattering spectrometry (RBS) results. It is demonstrated in this paper that PIXE and RBS measurements both yield comparable results for areal densities ranging from 10 18 atom/cm 2 to several 10 19 atom/cm 2 . A collection of techniques including PIXE, RBS, tapping mode atomic force microscopy (TMAFM), and contact angle analysis were used to compute surface free energy, analyze surface topography and roughness parameters, determine surface composition and areal density, and to predict the water affinity and condensation behaviors of silicates and other compounds used for high impact resistance vision ware coatings. The visor surface under study is slightly hydrophilic, with root mean square of surface roughness on the order of one nm, and surface wavelength between 200 nm and 300 nm. Water condensation can be controlled on such surfaces via polymers adsorption. HPMC polymer areal density measurement supports the analysis of the surface water affinity and topography and the subsequent control of condensation behavior. HPMC film between 10 18 atom/cm 2 and 10 19 atom/cm 2 was found to effectively alter the water condensation pattern and prevents fogging by forming a wetting layer during condensation.
INTRODUCTION
Water condensation is a concern for many types of vision ware such as sports visors, eye glasses, goggles etc. Developing products with anti-fogging properties has been of interest for both science and engineering, based on the plethora of products on the market 1 . The recent success of utilizing HPMC polymer film on silica and silicone to enhance visibility during medical applications is based on the concept of forming a complete wetting layer on the substrate during water condensation, which therefore enhances vision clarity 2 . In order to achieve this complete wetting layer, both the surface topography and the surface free energy play critical roles. To extend the above concept to vision ware, one has to understand the complexity of the eyewear surfaces, commonly coated with high impact resistance coating such as silicate, and the underlying substrate, typically a form of polycarbonate.
Contact angle measurements have been used to quantify water affinity and surface free energy utilizing Young's Equation combined with Van Oss theory 3 . Large surface tension components result in the contact angle being small and surface being hydrophilic due to the strong intermolecular forces between the surface and water. Small surface tension components result in the surface being hydrophobic. The three surface tension components of solid surfaces from Van Oss theory can be calculated by measuring the contact angles using three distinct types of test liquids to the solid surface 4 . One can then calculate surface tension through the following, 1   1  1  1  1  1   2  2  2  2  2   3  3  3  3  3 (1 cos )
(1) with = contact angle made at the liquid/solid interface, = surface tension, subscript of S = solid, 1 3 L L represent the three types of liquid respectively, the superscript of and = Lewis acid-base component of surface tension, and LW = Lifshitz-van der Waals component of surface tension. This approach to analyzing surface free energy will be used to quantify the water affinity of the vision ware samples used in this paper. PIXE is used to help characterize and quantify the substrates (silica and factory treated polycarbonate) and the HPMC film. PIXE has been used by previous labs and organizations to analyze such diverse samples [5] [6] [7] . Differential PIXE was used to determine the depth profiling and depth depletion assuming a homogeneous or layered profile structure 8 . In this work, differential PIXE is explored as a method to identify the areal density of the film by using the substrate's (on which the film is applied) Si K X-ray emission. Note that the film has no Si, and hence the substrate and film are distinguishable. We then explore the possibility of using differential PIXE to identify the polymer, and hence apply it to the possible identification of the HPMC layer. The method and theory of using the differential energy of PIXE (differential PIXE) has been used elsewhere [9] [10] [11] . The motivation is to control condensation on such surfaces via polymers adsorption in sport eyewear applications.
MATERIALS AND METHODS

Materials And Preparations
Numerous materials were required for this experiment. De-ionized (DI) water is of 2 M cm resistivity unless otherwise noted. Fused silica wafers are from Medtronic, and were sonicated 10 minutes in DI water of 18 M cm resistivity. Hydroxypropyl methylcellulose (HPMC), 32 60 19 C H O CAS-9004-25-3, was 86 kDa molecular weight from Sigma-Aldrich and is hydrated using DI water. Glycerin was ordered from Sigma-Aldrich (G2289, CAS number 56-81-5), as was -bromonaphthalene (17640, CAS number 90-11-9). The visors are Oakley brand and were selected randomly.
Both silica and the Oakley visors were treated with HPMC film at room temperature, soaked in waterhydrated HPMC for 2 hours at various concentrations (from 0.33% w.t. to 1.00% w.t.), and then air dried under a class 10K ventilation hood for a minimum of 24 hours.
Techniques
The Sessile drop method 12 was used to conduct the contact angle measurements. The liquid droplets' size ranged from 0.3 L ~ 10 L and was delivered using a syringe with a 23 gauge cannula. The contact angle was measured using computer fitting techniques for the digital images. Both droplet size and contact angle were computed via computer processing. The three components including Lewis acid-base and Lifshitzvan der Waals components of surface tension S , S , and LW S from Equation (1) above were calculated using three distinct types of test liquids: water, glycerin, and -bromonaphthalene 4 . The energy calculation tool was provided by SurfTen 4.3 [13] [14] . Roughness and length-scale of the roughness of surfaces were determined by tapping mode atomic force microscopy (TMAFM, Agilent). The AFM was operated in air with a silicon tip in AC mode. Gwyddion was the software used to produce images and roughness parameters; q R = root mean square roughness, a = average wavelength of the profile, and a = average absolute slope. Rutherford backscattering spectrometry (RBS) combined with RUMP software provided composition and areal density measurement for the visor substrate as well as the polymer film areal density as a comparison to the PIXE method described below. 
Particle-Induced X-ray Emission
Areal density measurements via incident particle energy loss was used to analyze the HPMC film areal density on both the silica and visor substrates (see Figure 1 ). Since silicon exists only in the substrate, the ratio of the number of silicon K X-rays detected and the amount of incident particles is related to the areal density of silicon in the substrate accessible by the particles through the following relation,
with ( ) Z t in g/cm 2 = areal density of element Z , X N = number of X-rays, i N = number of incident ions, and , X Z F is a constant for a given element, transition, primary ion beam, detector, and geometry
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. At certain incident energies, particle can penetrate through a limited film depth into the Si-based substrate due to the energy loss via the in-path of the HPMC film and Si-based substrate. The amount of incident particles is then compared to the amount of emitted silicon K X-rays with and without the HPMC film. Hence one can calculate the energy loss due solely to HPMC inpath where,
where 0 E is the incident particle energy just before striking the HPMC film, E is the energy of the particle at the substrate interface ( ) Nt HPMC is equal to the areal density of the HPMC film, in the incoming angle of the particles to the sample normal, and . Detection of X-rays was most consistent when the beam current < 0.2 nA, therefore data collection was taken at 0.1 nA. Each spectrum received a charge of 0.5 C. Sample charging due to the incident particles was also noticed for both the silica wafer and visor samples. Using an aluminum foil wrapping with a 4 mm ~ 10 mm diameter hole minimized the charging effect and stabilized the spectra; enabling consistent, repetitive data collection. GUPIX 17 was used to calculate the area count of the silicon K X-rays.
Composition analysis of the Oakley visors utilized proton incident particles. Incident energy is at 1.8 MeV, incident angle is 40 o and detector angle is 40 o to sample normal in a vacuum of ~10 -1 torr without filter, and a beam current < 0.3 nA. 
RESULTS AND DISCUSSION
Polymer Film Areal Density On Silica
The relationship of incident particle energy E vs. the ratio of detected silicon K X-ray count over the incident particle count Figure 2 , a silica substrate without HPMC film, and is used as the baseline for the relative yield graph. The log-log regression modeling uncertainty is analyzed to serve as the basis to obtain the error of the areal density calculation utilizing the differential PIXE method. Areal density via the RBS method is obtained from RUMP simulation of the spectra. The uncertainty is analyzed from the roughness of determined by analyzing the Si leading edge of which indicated the roughness of the film is observed. Areal density of the HPMC film and comparison to its RBS measurement are shown in Table 1 . The measurements of the areal density by PIXE and RBS are in agreement. Once the substrate relative yield graph is set up, areal density measurement is straight forward using this method. Another advantage of this method, when compared to using RBS, is that thicker films can be handled without the elevation of the incident particle energy. However, the thicker the film, the X-ray attenuation due to the out-path of HPMC becomes more significant. Results from both methods are inline with similar order of resolution.
Visor High Impact Resistance Coating
The proton PIXE spectra in Figure 3 demonstrated that there is significant Si and S on both the convex and concave sides of the visor. RUMP simulation of the RBS spectra, Figure 4 , confirms the presence of the silicon and sulfur in the estimated stoichiometric formula of SiO 2 C 2.5 with an areal density of 1.3x10 19 atom/cm 2 . Therefore, in order to utilize the energy loss method for areal density measurement, the incident particle angle is increased to 75 o to make the in-path longer, which will ensure a large enough silicon thickness. Analysis of the surface topography on the convex and concave sides of the visors was done using TMAFM. From Figures 5a, 5b , and Table 2 , both concave and convex sides have similar root mean square roughness of ~1 nm, which provides nucleation sites for water condensation. Contact angle and surface free energy information is shown in Table 3 and 4, and leans slightly hydrophilic. The roughness parameter of a typical feature was ~1 nm and average wavelength of 0.2 µm ~ 0.3 µm, provides significant nucleation sites for rapid condensation as shown in Figure 6 , on the area without the HPMC film. A slightly hydrophilic surface will indicate that the surface condensation pattern will be puddle-like upon ripening. Thus the combination of surface topography and surface free energy predicts the type of water condensation. 
Convex
Polymer Film Areal Density On Visor
The HPMC polymer film on the visor alters the surface topography, as well as water affinity and thus alters the condensation behavior, as shown in Figure 6 . Surface topography and roughness parameters are shown in Figures 5c, 5d, and Table 2 respectively. The hydratable polymer mesh provides high water affinity which will enhance the coalescence of the nucleated droplets. Roughness scaling from several angstroms to several nm will provide ample nucleation sites, which will induce rapid condensation. The combined topography of the aforementioned characteristics leads to a rapid condensation which is immediately followed by coalescence, and the subsequent elimination of the fogging. HPMC film areal density measurement and comparison to RBS using the energy loss method described above, is shown in Figure 2 and Table 5 . The results show that the HPMC film with areal density ranging from 10 18 atom/cm 2 ~ 10 19 atom/cm 2 can effectively prevent fogging on the visor surfaces by forming a complete wetting layer to improve visual clarity. However, initial fogging is noticeable while the wetting layer is formed. It was also observed that the HPMC film on the visor surface has a larger wavelength than the HPMC film on the silica wafer. After the initial fogging, rehydration of the polymer forms a complete wetting layer and no further fogging is observed afterwards. Finally, from Table 5 , the areal density derived from PIXE is of the same order as that derived from RBS; however, the result differences of the visor substrate were more significant than that of the silica substrate. We noticed that the stoichiometric variations in the RBS samples ranging from SiO 2 C 2.5 to SiO 3 C 3 , indicating slight compositional fluctuations at different sample locations of the visor coating may be the cause of error from the PIXE method, while the RBS result uncertainty indicates roughness of the HPMC. Hence, the respective areal density differences may be due to the observed variations and needs to be explored further. 
CONCLUSIONS
Areal density measurements using differential He ++ PIXE were used to successfully characterize the HPMC film on Si based surfaces. The substrate allowed for the generation of a reference graph based on incident particle energy, which was then applied to the areal density measurement. The -PIXE was necessary due to the thickness and composition of both the HPMC film and the Si based substrate involved. The high impact resistance silicate coating, with Si and S, were characterized using proton PIXE, He ++ RBS, TMAFM, and contact angle measurement. The results established the relation between the coating's condensation behavior, its surface free energy, topography, and hydrophilic/hydrophobic behaviors.
Polymer adsorption on the visor coating alters the surface water affinity, as well as the topography of the surface, and hence alters the water condensation behavior. The addition of an HPMC film on the Oakley visors helps to minimize the fogging problem.
Condensation without HPMC film
Complete wetting with HPMC film
